Abstract-This paper presents a hybrid method consisting of thin wire FDTD method and transmission line (TL) equations to be used for the coupling analysis of multiconductor transmission lines (MTLs) excited by a dipole antenna. In this method, the thin wire FDTD method is used to build the structure of the dipole antenna and obtain the radiation electromagnetic fields surrounding the MTLs, which are introduced into the TL equations as the distribution sources. The TL equations are utilized to model the coupling of the radiation electromagnetic fields to the MTLs, which are discrete by the scheme of the FDTD method to obtain the transient voltage and current responses on the lines and terminal loads. The accuracy and efficiency of this method have been verified by comparing with the commercial simulation software CST via one case. Moreover, the influences of the frequencies and polarization of the dipole antenna and the heights of the MTLs on the coupling of MTLs are analyzed.
INTRODUCTION
With the working frequencies of electronic systems becoming higher and higher, some devices in the electronic systems should generate electromagnetic radiation inevitably. These radiation electromagnetic waves should couple interference signals on the transmission lines in the electronic system and then penetrate into the terminal circuits to disturb or damage the pivotal elements of the circuits. Therefore, it is significant to simulate and analyze the coupling of radiation electromagnetic waves to the transmission lines.
Because the structures of electronic systems are complex, it is difficult to obtain waveforms of the radiation electromagnetic waves created by the electronic devices directly, while the working signals or interference signals derived from the devices are propagating through the transmission lines and then radiating to the outer space to form the radiation waves. Hence, the transmission lines should be seen as antennas naturally. In this paper, a transmission line is assumed as a dipole antenna, and then the coupling of the radiation electromagnetic fields created by the dipole antenna to transmission lines should be studied.
At present, several efficient field-to-line coupling methods have been proposed, such as Baum-LiuTesche (BLT) equation, FDTD-SPICE method, and FDTD-TL method. However, the BLT equation [1] [2] [3] [4] is a frequency domain method, and it is not suitable for the coupling analysis of transmission lines excited by ambient broadband wave. The FDTD-SPICE method [5] [6] [7] [8] [9] [10] [11] is a time domain method, while this method needs a number of theoretical derivations, and the calculation of the electromagnetic fields and transient responses on the transmission lines and loads are separated. The FDTD-TL method [12] [13] [14] is the previous research of our group. In this method, the FDTD method is used to compute the excitation fields of transmission lines, and the coupling model of ambient wave to transmission lines is established via TL equations. The biggest advantage of the FDTD-TL method compared with other methods is that it can realize the synchronous computations of the electromagnetic fields and transient responses on the lines and loads. However, the incident waves in these methods are assumed as plane waves.
Therefore, this paper presents a hybrid method consisting of the FDTD-TL method and thin wire FDTD method to be used for the coupling analysis of multi-conductor transmission lines excited by a dipole antenna rapidly. This presented method should realize synchronous computations of the radiation electromagnetic fields of the dipole antenna and transient responses on transmission lines and loads greatly. This paper is organized as follows. The theory of the hybrid method is introduced in Section 2. In Section 3, the accuracy and efficiency of this hybrid method are demonstrated via one case firstly, and then the influences of the frequencies and polarization of the dipole antenna and the heights of the MTLs on the coupling of MTLs are analyzed. Conclusions are given in Section 4.
THEORY OF THE HYBRID METHOD
The model of multiconductor transmission lines excited by a dipole antenna is shown in Fig. 1 . The dipole consists of two metal columns and is fed by a current source. The MTLs are located on the ground, which are parallel to the ground and terminated with loads.
The coupling analysis of the MTLs excited by the dipole antenna should be decomposed into two parts. One part is the calculation of the radiation electromagnetic fields of the dipole antenna, which can be achieved by the thin wire FDTD method. The other part is the coupling of the radiation electromagnetic fields to the MTLs, which should be modeled by the TL equations. 
The Radiation Electromagnetic Field Calculation of the Dipole Antenna
Because the FDTD method is limited to the minimum structure of the target, the grid of the FDTD method used for the dipole antenna should be small, which needs to occupy many computation memories. Considering that the cross sections of the metal columns of the dipole antenna are smaller than that of the FDTD grid, the thin wire FDTD method can be used to avoid modeling the structure of the dipole antenna directly and save some computation memories. The grid division of the thin wire FDTD for one column of the dipole antenna is shown in Fig. 2 .
The magnetic fields in the Yee cell adjacent to the columns of the dipole antenna are computed by the loop integral of the adjacent electric fields according to the Faraday's law, which can be expressed as
The FDTD iterative formulas of the magnetic fields adjacent to the columns can be found in [15] . On the other hand, the electric fields on the columns are set to zero, and the electric fields in the Yee cell adjacent to the columns of the dipole antenna should be computed by the regular FDTD iteration. 
The Coupling of Radiation Electromagnetic Fields to the MTLs
The description of the TL equations for the coupling of the radiation electromagnetic fields to the MTLs can be expressed as
where L and C denote the per-unit-length inductance and capacitance matrices of transmission lines, respectively. V(x, t) and I(x, t) represent the voltage and current vectors of transmission lines, respectively. V F (x, t) and I F (x, t) are distributed voltage and current source vectors, respectively, which can be expressed as
E T (x, t) and E L (x, t) can be expressed as
where e ex y and e ex x are the incident electric field components vertical to the transmission lines and along the position of the transmission lines and the ground, respectively, which are computed by the thin wire FDTD method. Here, the electric fields on the ground are zero, when the ground is assumed as perfect conductor (PEC) plane.
When the distances of the MTLs to the ground are electrically small compared with the wavelength, the radiation of the MTLs should be neglected [7] . The distribution voltage and current sources E T (x, t) and E L (x, t) are not relevant to the scattering fields of transmission lines. Therefore, the transmission lines should be removed when calculating the radiation electromagnetic fields of the dipole antenna.
After the TL Equations (2) and (3) are established, the scheme of FDTD method is utilized to discretize the TL equations to obtain the transient voltage and current responses on the transmission lines. The detailed derivation of the iteration formulas can be obtained from [13] .
NUMERICAL SIMULATION
In this section, the accuracy and efficiency of this presented method are verified by comparing with the commercial simulation software CST via one case about five transmission lines on the ground excited by a dipole antenna firstly. Then the influences of the frequencies and polarization of the dipole antenna and the heights of the MTLs on the coupling of the MTLs are analyzed.
Verification of the Hybrid Method
The model of the five transmission lines on the ground excited by a dipole antenna is shown in Fig. 3 To verify the efficiency of this proposed method, the mesh number and computation time cost by the two methods are shown in Table 1 . It is shown that the meshes and computation time needed by the hybrid method should be much less than that used by the CST software, because the MTLs should not be meshed in the proposed method. 
The Coupling Analysis of the MTLs Excited by the Dipole Antenna
This section will use the hybrid method to analyze the coupling of radiation electromagnetic fields to the MTLs with different frequencies and polarization of the dipole antenna and different heights of the MTLs, respectively. Generally, the impedance on the port of the circuit is 50 Ω; therefore, the terminal loads of the MTLs are all set to 50 Ω.
Different Frequencies of the Dipole
Firstly, the hybrid method is used to compute the responses on the MTLs excited by different frequencies of the dipole antenna. To better analyze the influence of the frequency of the dipole on the coupling of the MTLs, the feed current is changed to a Gaussian pulse, which can be expressed as J(t) = exp(−4π(t − t 0 )/τ ), where τ = 2 ns and t 0 = 1.6 ns. The voltage response on the load R 8 is shown in Fig. 5 . It can be seen from Fig. 5(b) that the voltage response should have several resonant frequencies, which are 0.55 GHz and 1.01 GHz. It means that when the frequencies of the interference signals are at these resonant frequencies, the voltages coupled to the lines should be small.
To further verify this conclusion, the coupling of the MTLs is excited by the dipole antenna with three frequencies, i.e., 0.75 GHz, 1.0 GHz, and 1.25 GHz, respectively. The voltage responses on the load R 8 with different frequencies of the dipole antenna are shown in Fig. 6 . We can see that the value for 1.0 GHz are much smaller than that of 0.75 GHz and 1.25 GHz. Therefore, we can draw a conclusion that one efficient way to suppress the electromagnetic interference of the devices in the electronic system is that the working frequencies of the devices should be or close to the resonant frequencies of the MTLs.
Different Polarization of the Dipole
Then, the hybrid method is used to compute the responses on the MTLs excited by different polarization of the dipole antenna. Here, a sine wave with frequency 1 GHz is used as the feed current of the dipole antenna. It can be seen from Fig. 7 that the voltage on load R 8 excited by the vertical polarization of the dipole antenna should be much larger than that by horizontal polarization of the dipole antenna. Because the horizontally polarized dipole antenna should produce a negative mirror dipole through the ground, and then the electromagnetic fields above the ground should be attenuated. 
Different Heights of the MTLs
Finally, the hybrid method is used to compute the responses on the terminal loads of the MTLs with different heights, i.e., 10 mm, 20 mm, and 30 mm, respectively. The feed current of the dipole antenna is also a sine wave with frequency 1 GHz. The voltage responses on the load R 8 are shown in Fig. 8 . It can be seen that the heights of the MTLs should have a great influence on the coupling of MTLs, and the values of the responses on the loads are decreased with the decrease of the heights of the MTLs. Therefore, the other way to suppress the electromagnetic interference of the devices in electronic system is that the MTLs should be closed to the ground.
CONCLUSION
This paper presents an efficient hybrid method consisting of FDTD-TL method and thin wire FDTD method, which can be well applied to the coupling analysis of multiconductor transmission lines on the ground excited by the dipole antenna rapidly. In this method, the thin wire FDTD method is used to compute the radiation electromagnetic fields of the dipole antenna without modeling the structure of the dipole directly. And the transmission line equations are utilized to build the coupling model of the radiation electromagnetic fields of the dipole antenna to the MTLs. Moreover, this hybrid method can realize the synchronous computations of the radiation electromagnetic fields of the dipole antenna and transient responses on the lines and loads.
The accuracy and efficiency of this hybrid method have been verified via the coupling analysis of five transmission lines on the ground excited by a dipole antenna. The results computed by the hybrid method agree well with that computed by the CST software. Meanwhile, the meshes and computation time cost by the hybrid method should be much less than the CST software, since the structure of the MTL does not need to be meshed in the proposed method. In addition, the influences of the frequency and polarization of the dipole antenna and the heights of the MTLs on the coupling of the radiation electromagnetic fields to the MTLs are analyzed. The results of this paper will provide technical approaches and theoretical basis for the electromagnetic interference analysis of the devices in electronic system.
